Aimed at cost saving and pollution reduction, a novel desulfurization wastewater evaporation treatment system (DWETS) for handling wet flue gas desulfurization (WFGD) wastewater of a coalfired power plant was studied. The system's advantages include simple process, and less investment and space. The feasibility of this system has been proven and the appropriate position and number of nozzles, the spray droplet size and flue gas temperature limitation have been obtained by computational fluid dynamics (CFD) simulation. The simulation results show that a longer duct, smaller diameter and higher flue gas temperature could help to increase the evaporation rate. The optimal DWETS design of Shangdu plant is 100 μm droplet sprayed by two nozzles located at the long duct when the flue gas temperature is 130 W C. Field tests were carried out based on the simulation results. The effects of running DWETS on the downstream devices have been studied. The results
INTRODUCTION
Coal-fired power plants represent the largest source of power grid supply around the world, especially in China. The statistical data from (China Electricity Council ) show that coalfired power generation capacity is 3.7104 trillion kWh, which accounts for 74.41% of total electrical generating capacity in 2012. Since the vast majority of SO 2 emissions are from coalfired boilers, the coal-fired power plant must be equipped with a sulfur dioxide removal device at the requirement of national environmental regulations. The limestone-gypsum wet flue gas desulfurization (WFGD) process system is the most frequently installed scrubber due to many advantages such as high desulfurization efficiency, high reliability, adaptability of different coals, high absorbent utilization, high equipment operation rate, cheap absorbent, and easy to obtain.
During the slurry recirculation, the accumulation of chlorine and heavy metals which come from coal-fired fume results in unexpected effects, such as lowering the pH of the absorption solution and making equipment prone to corrosion and erosion (Tatani et al. ) . For the corrosion and erosion protection of the equipment and gypsum quality requirements, the content of chloride in the spraying slurry must be less than the design chloride level (Zhang et al. ) ; thus a certain amount of wastewater should be discharged periodically to reduce the chloride level in limestone-gypsum WFGD system.
According to the requirement of environmental protection regulations, the wastewater must be treated (Bandyopadhyay ) before discharging. The conventional method systems (He & Qi ; Liu ) have been applied for many WFGD wastewater treatment systems. For example, the chemical precipitation, filtration, electrodialysis, ion exchange and ultrafiltration assisted by complexation (Charerntanyarak ; Gotoh et al. ; Trivunac & Stevanovic ) treatments have been conducted to remove heavy metals compounds in water streams.
However, the operation status of the conventional treatment is not good because of the high operation costs and secondary pollution problem (Gao& Chen ).
In recent years, the research on wastewater treatments focused mainly on novel treatments (Yang et al. ) and alternative technologies (Tidwell et al. ) rather than conventional physical and chemical treatments(Charerntanyarak ; Huang et al. ). A novel evaporation treatment (Yang et al. ) has been developed to treat the wastewater because of the zero-discharge performance. Some papers (Strandberg ; Brown ; Yu &Xu ; Shaw ) describe a desulfurization wastewater evaporation treatment system (DWETS).
In the DWETS (Figure 1 ), the desulfurization wastewater discharged from a WFGD tank is atomized into droplets by dual fluid atomizer nozzles which are located at the duct between the air pre-heater and electrostatic precipitator (ESP). The atomized wastewater droplet will be evaporated rapidly due to high flue gas temperature. The humidity of the flue gas increases because of evaporation of spraying water, which will reduce the specific resistance of flue gas, and then the ash removal efficiency will be increased (Yu &Xu ). The chemical content of wastewater crystallizes and will be removed by the downstream ESP (Ran & Zhang ) .
This DWETS technology requires less equipment and fewer commodities, which facilitates a more rapid construction schedule and less operation cost. However, few researches have been performed on a feasibility study of the DWETS technology.
METHODS
In DWETS technology, the potential risks to downstream equipment because of the changes of flue gas temperature, humidity and non-fully evaporated droplets are still unknown.
For the success of DWETS and the safety of downstream equipment, computational fluid dynamics (CFD) simulation models and a field test facility were set up. This investigation was divided into two parts. The first part is the CFD simulation feasibility analysis by the commercial software FLUENT that focuses on the evaporation process of droplets. The targets of CFD simulation are to find out the installation position, the number of nozzles, the size of spray droplets and the flue gas temperature limitation to make sure that the droplets have fully evaporated before entering the ESP to avoid potential risk for electrical field short-circuiting.
The second section is the field test on Shangdu power plant, which is located in the Neimenggu Mongolian autonomous region of China. The field test was carried out to verify the impact on downstream equipment due to the flue gas temperature, humidity and property change. The real-time running parameters of the boiler, ESP, gas-gas heater (GGH) and flue gas desulfurization (FGD) were recorded to analyze the impact on the equipment.
The simulation of the flue gas flow and evaporation process should obey the mass conservation, momentum equation and the energy conservation, and conservation of different species. The droplets' movement is governed by Newton's second law, and the evaporated process follows the convective mass transfer.
There is no mass loss and gain during the evaporation process; thus the equation for mass conservation of flue gas can be written as follows:
in which S m is the mass source term generated by the evaporation process from the droplet to gas phase. The momentum equation of the flue gas is denoted by:
The energy conservation of flue gas is:
The species (including O 2 , H 2 O, N 2 , CO 2 ) transportation equation of flue gas is:
in which u i , p and μ T denote the average velocity of the fluid, the average pressure and turbulence viscosity respectively. c s is the concentration of the components and Àρu 0 i u 0 j is the Reynolds stress tensor caused by turbulent fluctuation.
The standard k-ε turbulence model (Zhou ; Chen ) is used for simulating the flue gas turbulent flow in the duct due to robustness, economy, and reasonable accuracy for a wide range of turbulent flows.
in which μ t ¼ ρC μ k 2 ε represents the turbulence viscosity, G kdenotes the generation of turbulence kinetic energy due to the mean velocity gradients, G b is the generation of turbulence kinetic energy due to influence of buoyancy force on turbulence respectively, σ k , σ ε represent the turbulent Prandtl number for k and ε, respectively; C 3ε is a constant;
The motion equation of a single droplet complies with Newton's second law:
in which m p denotes the droplet mass (kg),ũ p is the droplet velocity (m/s),g is the gravity acceleration (m/s 2 ), and PF p represents other forces: buoyancy, drag force, pressure gradient force, virtual mass force, Basset force, Magnus force, Saffman force, thermophoretic force, etc.
When the temperature of the droplet reaches the vaporization temperature and lower than boiling temperature, the droplet is evaporated according to:
where M w,i is the molecular weight of ith species (kg/ kmol), m p is the mass of droplet (kg), A p is the surface area of the droplet (m 2 ), N i is the molar flux of vapor (kmol/m 2 .s), Δt is the time step (s), and S m is the mass source in Equation (1). The rate of droplet evaporation is governed by convective mass transfer, with the flux of droplet vapor into the gas phase related to the gradient of the vapor concentration between the droplet surface and the bulk gas flow:
in which k m is the convective mass transfer coefficient (m/s), C i,s is the vapor concentration at the droplet surface (kmol/m 3 ), and C i,∞ is the vapor concentration in the bulk gas (kmol/m 3 ).
RESULTS AND DISCUSSION
The desulfurization wastewater discharge of Shangdu power plant is 6.2 t/h. The flue gas flow of each boiler is 2,360,000 Nm 3 /h at boiler maximum continuous rating (BMCR) condition and the temperature of flue gas is 145 W C.
The simulated droplet trajectories at BMCR condition inside different ducts are shown in Figure 2 , and the initial average sauter diameter of droplets is 100 μm. Figures 2(a) and 2(b) show the droplets' trajectory in the short and long duct respectively. It can be seen that some liquid wastewater droplets flow into the ESP if the nozzles are mounted in the short duct, but if the nozzles are mounted in the long duct, the droplets would be fully evaporated because of long droplet residence time.
The appropriate nozzle mounted position of the Shangdu project is the top of the long duct, and two nozzles are enough to treat all wastewater.
The non-fully evaporated droplet mass fraction will increase as the initial diameter increases and the flue gas temperature falls. When mounting the nozzle in the long duct, the non-fully evaporated droplet mass fraction at the inlet of the ESP at different initial droplet diameter when the flue gas temperature is set at 130 W C is shown in Figure 3 (a).
Figure 3(b) shows the non-fully evaporated droplet mass fraction at different flue gas temperatures when the initial droplet diameter is 100 μm. From Figure 3(a) , it can be seen that the non-fully evaporated mass fraction of droplets increases characteristically as the initial diameter increases; the droplet will be fully evaporated when the diameter is less than 105 μm. Figure 3(b) shows that the non-fully evaporated mass fraction of droplets decreases characteristically with the increasing flue gas temperature; when the flue gas temperature is higher than 127 W C, all droplets would be fully evaporated, which implies that the lowest flue gas temperature limitation of the DWETS system is 127 W C.
For system safety, the spraying droplet diameter should be less than 100 μm and the flue gas temperature should be higher than 130
The simulation results show that a longer duct with a smaller diameter and a higher flue gas temperature could help to increase the evaporation process. The optimal DWETS design is 100 μm of initial droplet diameter sprayed by the two nozzles located at the long duct when the flue gas temperature is higher than 130 W C. Therefore, the DWETS should be automatically shut off when the flue gas temperature is lower than 130 W C.
Based on the results of the CFD analysis, the field test facility was installed and the test was carried out in the Shangdu power plant. The DWETS field test was run to study the impact on the ESP, GGH and WFGD. The DWETS was started at 11:45 and continued to 16:45, the boiler load was also recorded. Figure 4 shows the boiler load data from 06:45 to 16:45. It can be seen that the boiler load fluctuated between 70 and 95%. There was a significant decrease of the boiler load before the DWETS was started and the trend of the boiler load did not change. The boiler load decreased from 92 to 75% before DWETS was started because of grid dispatching; thus the downstream GGH inlet temperature decreased because of the boiler load decrease.
The running parameters of the ESP are current, voltage and power. The parameters are shown in Figures 5 and 6 . There is no significant change after starting the DWETS.
The ESP outlet dimensionless dust concentration and inlet temperature of GGH are shown in Figure 7 , in which the dimensionless dust concentration is the ratio between test dust concentration and design dust concentration. It can be seen from Figure 7 that the dust concentration reduced slightly; this means that the ash removal efficiency will be increased when the DWETS is running, and the inlet temperature of GGH is reduced corresponding to the synchronous reduction of the boiler load.
The effect of the DWETS on the FGD system was studied when the system was running. The desulfurization efficiency and pH value of slurry were recorded, as shown in Figure 8 . It can be seen that, after starting the DWETS, the desulfurization efficiency had no significant change. However, the pH value of slurry increased slightly. This is because the humidity of the flue gas increases when the DWETS is running, which results in more water condensing inside the WFGD tower; as a consequence, the pH value would show a small increase. The DWETS does not significantly change the electric parameters of the ESP and has a good effect on dust removal efficiency. The inlet temperature changes of GGH have the same trend as the boiler load. After the start of DWETS, there is no significant effect on desulfurization efficiency, but the pH value of slurry increases slightly.
CONCLUSION
This paper presented a desulfurization wastewater treatment system without pollutant discharge. Field test studies were carried out based on a CFD simulation feasibility analysis and the conclusions are as follows:
1. Based on the results of CFD simulation, the DWETS is feasible for coal-fired power station wastewater treatment. The appropriate position, the number of the nozzles, the size of the spray droplets and the flue gas temperature limitation were defined. 2. The DWETS field test at the power plant shows that there is no negative effect on the ESP, GGH and WFGD, and it has some positive effects on dust removal efficiency. The pH value of the slurry of WFGD increases slightly when the DWETS is running.
The simulation and field test of the DWETS show that it is a feasible technology for desulfurization wastewater treatment without pollutant discharge.
